Catchment land-use and water resource developments may threaten the ecological integrity of the Nyl River floodplain, a world-renowned conservation area. The effect of developments on the water supply regime to the floodplain can be predicted by hydrological modelling, but assessing their ecological consequences requires transformation of discharge into ecologically-relevant hydraulic characteristics. Studies of Wild Rice (Oryza longistaminata) have indicated that the important variables are the extent, depth, duration and timing of flood inundations. One-dimensional hydraulic modelling has been successfully applied to predict these flood characteristics, using a suite of models comprising Quicksurf, RiverCAD, HEC-RAS and HEC-DSSVue. Separate but linked models were developed for three contiguous portions of the large floodplain. The topography was surveyed by airborne laser mapping, and extensive discharge, water level, rainfall, infiltration and evapotranspiration data were collected for model calibration and verification. The models were successfully calibrated through adjustment of Manning's n for the main channel and floodplain in each portion, and are able to predict flooding characteristics at a resolution appropriate for ecological interpretation.
Introduction
The Nyl River is situated in the Limpopo Province of South Africa and represents the southernmost tributary of the Mogalakwena River. Along its course, the Nyl River passes through the Nyl River floodplain, known as 'Nylsvlei' (Fig. 1) , flanked to the north and west by the Waterberg Mountains, and to the south and east by the Springbok Flats (Fig. 2) . The floodplain is a unique and highly biologically productive ecological system (Higgins et al., 1996) . Because of its large size and the variety of wildlife it supports, including several Red Data bird species, the area is recognised internationally as an important wetland.
The ecological status of the floodplain is under threat from increasing water resource developments in the upstream catchments, which affect the amount and timing of water delivered to the floodplain. To assist with future water resources planning, the Department of Water Affairs and Forestry (DWAF) commissioned this study in 1996 to develop models for predicting the impacts of upstream development on the flooding regime of the floodplain.
The Hadejia-Nguru wetlands in northern Nigeria were modelled by Thompson and Hollis (1995) using a water balance to predict the effects of upstream dam developments on inundation. A hydrological monthly mass-balance was calibrated using flood extents and applied to determine the economic impact of the dam construction on wetland productivity. Dincer et al. (1987) also used a water balance at a monthly time-scale to predict water depths, inundation areas and outflows from the Okavango Delta in Botswana. The cell-based model was calibrated using observed water levels and used to predict changes in inundated areas and outflows due to changes in inflows and channels of the delta.
In the Nylsvlei study, temporal and spatial modelling scales were determined by the nature of the ecological interpretations required from the output, as defined in the next section: 'Model scale and resolution'. Modelling was carried out in two stages. First, hydrological models were used to predict the supply regime to the floodplain (accounting for the effects of land use and water exploitation in the catchments), and then this was transformed into flooding characteristics by hydraulic modelling. The hydrological modelling is described in Part 1 (Havenga et al., 2007) of this paper in 3 parts. This paper describes the development of a computational model for simulating the hydraulic behaviour of the floodplain. The input to the model is provided by output from the hydrological models as discharge time series at different floodplain entry points. The hydraulic model output is a corresponding set of time series of stage, discharge and inundation areas for the floodplain, including their spatial distributions along its length. This information is provided at appropriate scales for determining ecological impacts associated with an altered flow regime. In this study, attention is focused on floodplain vegetation as an indicator of ecological impact because the response of a key species (Wild Rice, Oryza longistaminata) to the occurrence of water has been well described (Marneweck, 1988) . Scenario applications of the hydrological and hydraulic models to describe impacts of development on the habitat requirements of Wild Rice are presented in Part 3 of this paper by Kleynhans et al. (2007) .
Model scale and resolution
Appropriate modelling scale and resolution are determined by the nature of the interpretations to be made from the output. Because Wild Rice is used as the ecological indicator, its characteristics define the model requirements. Vegetation along the Nyl River floodplain is differentially distributed along three spatial directions: laterally away from the channel, vertically above the channel, and downstream along the channel (Higgins et al., 1997) . Flooding frequency, duration and depth all decrease in these directions, especially the last two, and plant species distribution is a manifestation of species tolerance to flooding and drought fluctuations. Modelling of flooding frequency, depth and duration, with respect to these three spatial directions at appropriate spatial and temporal scales provides the data required to link Wild Rice response to changes in the flooding regime. Specification of appropriate scales for hydraulic modelling was derived from three key findings from research undertaken at the Nature Reserve, known as "Nylsvley":
• At a broad scale, three vegetation communities on the floodplain can be recognised along the vertical axis: the submerged and floating leaved aquatic species in the channel, the Wild Rice (Oryza longistaminata) community at midelevations, and the Rooigras (Themeda triandra) zone at the highest elevations (Higgins et al., 1997) . The elevation difference between these communities is 0.5 to 1.0 m.
• A statistically significant change in plant species composition along a transect can be detected for a 90 mm change in elevation, indicating that this amount of change in water depth during flooding and associated water deficit during dry periods, can alter conditions sufficiently to affect the persistence of some species (Coetzee and Rogers, 1991).
• The species with the most diagnostic potential in terms of response to flooding is the Wild Rice, which has been extensively studied on the Nyl River floodplain (Marneweck, 1988) . Studies have shown that rice grows best in water depths between 100 and 500 mm. Depths of 500 to 750 mm result in reduced vigour of underground rhizome development with consequences for persistence during droughts. Above 750 mm, flowering is markedly reduced and the plants become too spindly to remain upright when levels drop. At least 25 days of flooding is needed for rice to flower and set seed if flooding occurs in January/February, but a longer inundation period is needed if flooding occurs earlier or later Although species show responses to as little as 90 mm changes in elevation, it is unlikely that ecological modelling could be meaningfully conducted at this fine vertical resolution. For detailed modelling of wetland hydraulics, Hammer and Kadlec (1986) used ¼ ft (76 mm) contours, but this level of resolution is not practically achievable for routine applications and Duever (1988) recommends using contours at 100 to 200 mm intervals for reasonably detailed estimates of surface water quantities. Considering the large extent of the Nyl River floodplain and that the accuracy of the survey data used to develop the digital terrain model (DTM) (described below) is ±200 mm, an appropriate vertical resolution for the hydraulic modelling is considered to be 200 to 250 mm. Because downstream changes are fairly gradual, the longitudinal resolution can be fairly coarse and the floodplain is divided into four reaches between Modimolle (previously Nylstroom) and Mosdene (the downstream limit of the study area, Fig. 2 ). The extent of flooding within the study area is interpolated from inundation levels modelled at cross-sections spaced between 20 m and 1 km in the longitudinal direction.
The passage of floods through the floodplain is slow, and can be adequately described at a time resolution of 1 d. The inflow data (streamflow and rainfall) are therefore specified at a daily time-step.
According to Poff et al. (1997) , five critical components of the flow regime regulate ecological processes in river ecosystems: the magnitude, frequency, duration, timing and rate of change of hydrologic conditions. With the exception of the rate of change, the same temporal characteristics have been identified in the Nylsvlei study using Wild Rice as the indicator of ecological impact, but using inundation depth and area as the hydrological variables. The hydraulic modelling described in this paper provides the link between these and the primary management variable, discharge.
Study area and model structure
The study area extends from the N1 National Road at Middelfontein to the Mokgoopong-Roedtan Road (Route 519) at Mosdene (Fig. 2) . This area was selected to include the most ecologically important areas along the floodplain, particularly Nylsvley. The extent of the area selected was also influenced by practical considerations, including the proximity of hydraulic model boundaries to streamflow gauges, suitable locations for flow gauging in a difficult monitoring environment, the lateral extent of the floodplain, the frequency and extent of flooding, the distribution of wetland plant communities, and available resources for topographical surveys.
For modelling purposes, the study area was divided into three distinct, contiguous portions, defined by four road crossings (illustrated schematically in Fig. 3 inflows and outflows include rainfall on inundated areas, losses to evapotranspiration and infiltration, and ponded water (in both natural landscape depressions and artificial impoundments) that may be lost to evapotranspiration and infiltration during the dry winter season (Fig. 4) .
Data collection
An extensive data collection programme was carried out to provide information for the development, calibration and verification of the models.
Topographical and photographic surveys
The Nyl River floodplain is extremely flat ( Fig. 5 shows a maximum elevation difference of 1 m over a 1 km wide right bank floodplain), requiring ground elevations to be defined to a high degree of accuracy for meaningful predictions of flow depth and the volume of water required to inundate the floodplain to be made. The study area ( Fig. 2 ) was mapped using airborne Light Detection and Ranging (LIDAR) mapping and photographed digitally. Laser mapping rapidly generates high-density, georeferenced digital elevation data with accuracies comparable to land surveys, but significantly faster than traditional airborne surveys. Airborne laser mapping systems can determine ground surface topography through vegetated cover, which is particularly useful in areas of low relief, such as floodplains. The absolute accuracy of the elevation data is 150 mm and relative accuracy can be less than 50 mm (www.airbornelasermapping.com, 2007) . Absolute accuracy of the plan coordinates is dependent on operating parameters such as flight altitude, but is usually hundreds of millimetres to a metre. The survey data for Nylsvlei were thinned using a 200 mm filter, and totalled 1.9m. points. Figure 6 is a plot of the survey points for a section of the Nylsvley Nature Reserve, illustrating a higher point density coinciding with river, road and hill landscape features. In addition to the LIDAR, a digital imaging camera was used to produce georeferenced orthophotographs. The relative elevations of gauge plates installed along the Nyl River Floodplain, used for water level observations prior to this study, were unknown. To make use of these and water levels monitored within this study, the elevation of all gauge plates was surveyed relative to the same LO co-ordinate system used for topographical mapping.
Inundation and flow data
Discharge is the fundamental floodplain management variable as well as being the primary input to the hydraulic model. The primary model outputs are time series of water levels, inundation areas and discharge, including their spatial distributions. Appropriate observed records of water level and discharge were required for model calibration and verification, and these were measured at road-crossings.
Autographically recorded daily water levels were available from the DWAF hydrological database for two of the five monitoring stations in the study area, including Deelkraal (A6H002) and Mosdene (A6H013) and for the periods 1922 -1949 /1971 -1991 and 1971 -1977 . These data were not used for model development, since water levels were measured relative to the local gauge datum levels which had been removed or may have shifted during the record period. Furthermore, no corresponding measurements of discharge were available. Gauge (Fig. 7 ) and the rating functions (Fig. 8) . Figure  9 is a plot of the inflow and outflow discharge hydrographs at Middelfontein and the Nylsvley Nature Reserve, and shows generally higher outflow peaks. Additional inflows to this upper portion of the floodplain include the Middelfonteinspruit, De Wetspruit, and local rainfall. plates had previously been installed at eight locations within the study area, mostly within the Nylsvley Nature Reserve, and water levels were monitored periodically (at approximately 5 d intervals), with 286 readings over the period January 1996 to June 2001. These provided the major source of stage level data used to develop the hydraulic model. The DWAF also upgraded the existing monitoring network by re-installing autodigital recorders at key locations along the floodplain; Deelkraal, Vogelfontein and Mosdene, and a new station was installed at Middelfontein (N1). The record from Mosdene is for only one year -the entire facility was vandalised a year after installation. Daily values were obtained from the periodic visual observations by linear interpolation of missing data for up to 10 consecutive days. DWAF measurements (derived from instantaneous readings) were substituted for periods of continuous recordings. The time series of stage levels recorded in the Nylsvley Nature Reserve are plotted in Fig. 7 .
No floodplain discharge measurements existed prior to this study, and flow was therefore measured at key locations during the study. None of the monitoring locations were control sections and the relationship between flow depth and discharge was influenced strongly by vegetation, whose condition and influence changes significantly with season and flood timing. Establishing rating relationships therefore required repeated stream gauging, which was carried out using the velocity-area method (BS 3680, 1980 and 1983) . Rating relationships were thus obtained for the floodplain at the four road crossings bounding the three hydraulic models (Fig. 3) . As an example (Fig. 8 ) data for the station at the upstream boundary of the Nylsvley Nature Reserve (GP2) are shown. The scatter in the data is attributed to measurement inaccuracies, effects of unsteady flow, and changes in vegetation resistance. There were insufficient data to isolate seasonal influences, and a single power function (as described by Birkhead and James, 1998) was fitted for each site. The scatter is generally within 200 mm, allowing relationships to be used that are of similar accuracy to the topographical surveys. Additional and more continuous records would be necessary to investigate seasonal effects further. Discharge time-series were derived from The hydraulic records were stored using the Hydrological Engineering Centre-Data Storage System Visual utility engine (HEC-DSSVue). This system was developed by the US Army Corps of Engineers HEC for efficient storage and retrieval of scientific data that are typically sequential. It also provides a graphical user interface program for accessing, visualising and manipulating data in HEC-DSS database files. HEC-DSS is the database utilised by the HEC-River Analysis System (RAS), which is the hydraulic modelling software used in this study (as described below).
Local rainfall
Local rainfall contributes to the water balance of the floodplain, and its estimation requires data corresponding to the discharge records. Data for 28 rainfall stations exist in the catchments of the Nyl River (Pitman and Bailey, 2004) , with only two stations located in close proximity to the study area. Of these, only records for the Nylsvley station (located at the south-east boundary of the Nature Reserve) are current, and have been used to estimate the volume of rain falling on the inundated portion of the floodplain (rainfall on the adjacent floodplain has not been included). Calculation of the rainfall volume requires estimation of the inundated area, which is obtained from an empirical relationship between inflow and flooded area (discussed below).
Evapotranspiration, infiltration and ponding
In addition to floodplain inflows and outflows, the modelling must account for losses due to evapotranspiration, infiltration and ponded storage after flooding.
A review of suitable methods for estimating evapotranspiration at Nylsvley was carried out by Kleynhans (2005) . The three main approaches for determining potential evapotranspiration were investigated, including, climatological methods (those having reasonable data requirements were assessed -refer to Fig. 10 ), micrometeorological methods (energy balance measurements were carried out by Blight, 2002a), and direct measurements including the use of lysimeters (reconstructed soil profiles) and evaporation pans. Estimates of average annual evaporation rates at Nylsvley are given in Table 1 , and vary from approximately 1 700 to 1 900 mm for Symons pans, to 920 to 1 300 mm for actual evaporation from floodplain and savannah vegetation. Average monthly evaporation rates were used in the hydraulic study. These were obtained using actual evaporation measurements by Blight (2002b) on the floodplain and application of the energy balance method. Measurements were taken over seven isolated days between 1999 and 2001, and since evaporation may vary significantly between days, continuous pan evaporation records from the Donkerpoort Dam weather station (selected through an assessment of record length and geographical position) were used to convert daily measurements to average monthly values. Figure 10 provides a comparison of evapotranspiration predicted using the energy bal- 
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ance method, various empirical models, and A-pan data from Scholes and Walker (1993) . The empirical models display smooth seasonal trends with maximum values in mid-summer when the highest radiation and average temperature occur. Of these models, those of Thornthwaite (1948) and Jensen and Haise (1963) compare best with the energy balance measurements derived from the floodplain. The energy balance estimates display greater variability (particularly in February and August) which may be attributed to limited water availability on the floodplain, the actual growth response of Wild Rice, and the periodic nature of the observed data. The low rate for August (0.4 mm) may be attributed to the dormant state of the vegetation cover at this time of year, which is unaffected by water availability (Marneweck, 2003) . The measurement-based evaporation rates from the floodplain have also been compared with estimates using various pan factors (to assess actual evapotranspiration), with the Pure Grassveld A-pan factor providing the best comparative rates. Infiltration measurements were carried out in different parts of the floodplain, on selected soil types and at different depths, using a Guelph Permeameter. Infiltration rates were variable, ranging from approximately 0.1 mm/h (2.4 mm/d) at a depth of 200 mm, to values too low to measure (less than 0.04 mm/h) below a depth of 400 mm in the floodplain alluvium. Because of the low rates, infiltration was not modelled independently, but incorporated with ponding losses, which were determined from a measurement-based water balance for the floodplain, as described in the following section.
Model development Selection of models
In the Nyl River floodplain, the movement of water is controlled by a complex natural topography, modified by numerous impoundments, dykes, levees, channels and roads. Over large portions of the floodplain there is no well-defined channel, and water spreads over the landscape two-dimensionally. These characteristics suggest that two-dimensional hydraulic modelling is appropriate, and this was therefore initially pursued in this study. The two-dimensional Surface Water Modelling System (SMS) was successfully applied to develop a steady-state model for a portion of the Reserve area, but was unable to deal with unsteady simulations involving the wetting and drying of boundary elements. The system was consequently analysed one-dimensionally, and a suite of four modelling tools was used, including, QuickSurf; RiverCAD; HEC-RAS and HEC-DSSVue (refer to Birkhead et al. (2004) for detailed descriptions of the use of these models).
QuickSurf is a general purpose surface modelling system (based on FelixCAD) that converts surface mapping data such as point data (as obtained from the LIDAR survey) into contours, grids and triangulated irregular networks. A suite of modelling tools allows the manipulation of surfaces into high-quality maps. Figure 11 is an example of a high-resolution (100 mm) contour map of the Nylsvley Reserve area used for accurately demarcating features in the floodplain. Rectangular grids of 20 or 25 m were used to develop contour maps, with the exception of floodplain areas containing artificial features (e.g. dykes, levees and dams), where the high-density random LIDAR data were used (Fig. 6) . Because LIDAR does not penetrate water surfaces, the depth of the river channel was not defined by the survey, and it was necessary to superimpose a low-flow channel on the modelled floodplain surface modelled using the LIDAR data (Fig. 5) . The centre-line of the Nyl River was digitised using high-definition contour maps (Fig. 11) and digital images to accurately locate its planform position. Figure 12 is a 200 mm interval contour map of a portion of the Nylsvley Nature Reserve superimposed on the geo-referenced digital orthophotograph.
RiverCAD is an advanced graphical modelling environment, providing support for the US Army Corps of Engineers' one-dimensional unsteady flow analysis software, HEC-RAS. RiverCAD provides the tools necessary for positioning and extracting cross-sections (Fig. 12) , measuring longitudinal distances between adjacent cross-sections (channel and floodplain), and mapping floodplain inundation. Resistance coefficients for the channel and floodplain (Manning's n was used in this study) were adjusted using the unsteady flow calibration, described in the following section. Boundary conditions are required at the most upstream and downstream cross-sections, in the form of discharge hydrographs (Fig. 9) , and rating curves (Fig. 8) , respectively. Tributary inflows and rainfall contribution are also specified as time-series of daily discharge values.
Figure 11
Contour map at 100 mm intervals for the upper portion of the Nylsvley Nature Reserve between GP2 (Deelkraal Road) and GP4 (refer to Figs. 2 and 3) , produced from the LIDAR data in Fig. 6 Modelling instabilities prevented losses from being accounted for in this way, and were rather specified using an artificial pump extraction facility, where pump operation and rate of extraction are linked to stage levels. Efficiency curves were developed by correlation of daily losses with stage levels. To avoid further numerical instabilities occurring at very low discharges, the minimum flow rate used in the simulations was 0.1 m 3 /s; flows below this are generally confined to the river channel.
Predicting the surface area of inundation
Inflow contributions from rainfall and losses by evapotranspiration both require estimates of inundated floodplain area. The use of cross-section surface widths produced by HEC-RAS to calculate inundated areas would involve an iterative solution procedure. To avoid this, inundated areas were determined during modelling from relationships between inundated surface area and the inflow known as input at each simulation step. These relationships were obtained for the three sub-areas by correlating modelled inundated areas with inflows for the 1999/2000 year.
Floodplain water balance
Water balances for each of the floodplain sub-areas (Fig. 3) have been determined to quantify the relative contributions of inflows and outflows, and also to develop empirical relationships for the difficult-to-measure losses arising from infiltration and ponding (Table 2 ). The Nylsvley Nature Reserve provides the longest and most intensive measured records (since 1996) and a single tributary, the Blindefontein, contributes flow to this sub-area in addition to the flow of the main Nyl River. Tributary inflows were determined from the hydrological analysis (Havenga et al., 2007) . The use of flow records that are patched and extrapolated from gauges located in their upper catchments reduces the accuracy of water balance calculations, and a more accurate water balance for the Nylsvley Nature Reserve was therefore used to develop an empirical estimate of infiltration and ponding losses. Annual losses (derived from cumulative daily values) were correlated with cumulative inundated areas for the extent of the record (1997/98 to 2000/01), for application to other regions of the floodplain. For the study area, losses (evapotranspiration, infiltration and ponding) are estimated to account for 39% and 85% of the total inflows for the hydrological years 1999/2000 and 1998/99, respectively. During these years, the volumetric inflows of the Nyl River at Middelfontein were 70.4 and 13.4 Mm 3 , respectively. Losses due to infiltration and ponding are significantly higher (2 to 7 times) than those arising from evapotranspiration.
Model calibration and verification using floodplain data
Calibration is the process of adjusting model parameter values to give results that correlate, as closely as possible, with measured values, whereas verification is the process of comparing (calibrated) model predictions with measured data that have not been used in the calibration process. This allows an objective assessment of the predictive accuracy of the model. The wettest season (1999/2000) in the six-year record was used for model calibration, and the remaining data used for verification.
A total of 151 cross-sections were extracted from the digital surface contour maps (Fig. 12) for the floodplain study area, and interpolated, where necessary in HEC-RAS to give a maximum spacing between cross-sections of approximately 100 m. River stations (cross-sections) were positioned to coincide with monitoring gauges, tributaries and other hydraulic controls (such as the Deelkraal Dam, illustrated in Fig. 13 ). The calibrated flow resistances and time steps used are given in Table 3 . The high flow resistance values are not ascribed to vegetation resistance alone -the channel was superimposed on the floodplain DTM (see Fig. 5 ) since LIDAR cannot penetrate water surfaces, and artificially high flow resistances are therefore required to account for hydraulic controls in the topography that are not included in the assumed channel shape and slope. HEC-RAS allows for variable time-stepping, which assists in the development of a stable solution using computation intervals that are not unreasonably small for the entire simulation period.
Figures 14a to 14c are plots of modelled stage and discharge hydrographs and periodically measured values at Middelfontein (the upstream boundary of the Nylsvley Nature Reserve) and Vogelfontein (Figs. 2 and 3) , with the calibration (1999/2000) 
Model application using gauged hydrographs from upper catchments
In this application of the floodplain model, discharge hydrographs derived from gauged records for the Nyl River and its tributaries (stations A6H006, A6H011, A6H018, A6H012 and A6H019 - viding the inflow to Nature Reserve, and so on. A loss of accuracy when compared with the verification can be expected due to errors inherent in predicting daily discharge, but also related to changes in vegetation growth with time and the associated floodplain resistance. In addition to these factors, modifications to the floodplain topography (construction of impoundments, dykes, levees, artificial channels and roads) will further have influenced hydraulic behaviour over time. It is difficult to assess the accuracy of the hydraulic model for the application period prior to 1996 (first measured data), since no discharge data and meagre water level data exist prior to this date. (Fig. 15b) , measured stage data, particularly peak values, are well replicated by the model. The largest discrepancies occur as over-estimates of wet season recessions by up to 150 mm. Water level records at the Deelkraal station ( Fig. 1 ) date back to 1922, but the elevation used to convert recordings to a common datum (in m a.m.s.l.) is from a survey of the existing gauge plate. The accuracy of this datum is uncertain and the reliability of these historical data cannot therefore be assumed. Nevertheless, for the period [1973] [1974] [1975] [1976] [1977] [1978] [1979] (Fig. 16) , the simulated and observed stages compare exceptionally well. Discrepancies have been shown, however, to exist for other periods of comparison, particularly the late 1980s to early 1990s (Birkhead et al., 2004) . Although the characteristics of the Nyl River floodplain suggested two-dimensional hydraulic modelling, the system was ultimately analysed using one-dimensional hydraulics which was sufficient in providing adequate information for ecological interpretations. An extensive data collection programme was carried out to provide information for the development, calibration and verification of the models. The very flat topography of the floodplain necessitated high resolution surveying, which was carried out by airborne laser mapping and colour digital photography. Water levels were monitored at a number of sites along the floodplain using gauge plates and autographic and autodigital recorders. Discharge rates were measured during flood events at the four road crossings bounding the study sub-areas, enabling monotonic rating relationships to be established. Rainfall data for the floodplain were obtained from a gauge situated in the Nylsvley Nature Reserve. Evapotranspiration was determined using an energy balance method in each of the four seasons. These daily values were converted to average monthly rates for the floodplain using pan evaporation data from the Donkerpoort Dam weather station. The energy balance measurements derived from the floodplain compared best with the empirical models of Thornthwaite (1948) and Jensen and Haise (1963) , and the use of the Pure Grassveld A-pan factor.
A suite of four modelling tools was used for developing the hydraulic models, viz. QuickSurf, RiverCAD, HEC-RAS and HEC-DSSVue. These allow for surface mapping, unsteady onedimensional flow analysis, and graphical representation of output, including plan plots of inundation areas and depths, rating curves, hydrographs and plots of other relevant hydraulic information.
The models were calibrated by adjusting local Manning flow resistance coefficients, using the wettest season (1999/2000) of the six-year (1996-2001) monitored period, and verified using the remaining data. Measured stage and discharge hydrographs at the inflow and outflow of each modelled section were used for model calibration and verification. Additional stage hydrographs were available from four locations monitored within the Nature Nylsvley Reserve and at the Deelkraal Gauge upstream of the Reserve. It was necessary to use hydrological data in the form of extrapolated recordings from gauges in upstream catchments to account for lateral inflows from three tributaries that drain the Waterberg Mountains. The hydraulic behaviour of the floodplain is shown to be well replicated by the models, with predicted peak stage levels generally agreeing to within 200 mm of observations.
Model application to assess changes in the hydraulic behaviour of the floodplain in response to water resource developments in the upper catchments of the Nyl River is presented in Part 3 of this paper by Kleynhans et al. (2007) . It is envisaged that the hydraulic model will not only provide a means to help predict the potential ecological impacts of upstream developments on the Nyl River floodplain system, but also complement related investigations in the biological and ecological fields. The hydraulic analysis involved an investigation on hydraulic models and methods for hydraulic analysis, and the calibrated models and experience gained will be of benefit in analyses of other wetland and floodplain systems in South Africa.
